Background: Calvarial bone grafts have been one of the grafting options that provides predict-
Bone grafts can be classified into autogenous, allografts, xenografts, and alloplasts; they may be used solely or mixed with autogenous bone. Multiple surgical procedures have been introduced to reconstruct or augment severely atrophied ridges prior to implant placement, utilizing these wide varieties of bone grafts or bone substitutes such as ridge splitting, onlay blocks, 2 guided bone regeneration with different barrier membranes, sandwich osteotomies, and distraction osteogenesis. [3] [4] [5] Autogenous bone graft is considered the gold standard for graft reconstruction over xenografts or allografts. Autogenous bone may be harvested from different donor sites that can be classified according to their embryological origin into endochondral or intramembranous bones. The endochondral sites such as the iliac crest, tibia, or ribs can be used. The iliac crest is a rich source of bone but has a high resorption rates and is associated with increased donor site morbidity and gait disturbance postoperatively. Intramembranous sources include the maxilla and mandible, skull cap (calvaria). 6, 7 The jaws are characterized by their intramembranous bone origin and so they are preferred as the intramembranous bones have less resorption rates over time 8 when compared to bone grafts of endochondral origin, but they cannot be used in severely atrophied cases, because a massive amount of bone is needed to rebuild the lost volume back for implant insertion and then loading. In cases with massive resorption of the maxilla or the mandible, as the jaws cannot be used as donor sites despite their intramembranous bone type, 9 other sites of intra membranous bones are preferred as skull cap (calvaria). 6, 10 However, harvesting calvarial blocks could be complicated with breakage through the inner table, cerebrospinal fluid (CSF) leakage, infection, dural tear, and difficulty of separation of the outer cortex from the inner cortex. 7, [11] [12] [13] [14] [15] [16] Hence, the aim of the present study was to introduce a protocol for computer-guided calvarial bone block harvest with the help of a surgical guide that controls the location, cutting depth, and the required amount of bone harvest, to minimize the possible complications encountered with calvarial graft.
6,7,17
| MATERIAL AND METHODS
The present study was approved by the ethics committee of the Also, patients with coagulation disorders, kidney disease, liver diseases, ongoing or a history of radio or chemotherapy, smokers, history of skull cap fractures, or previous calvarial grafts were also excluded from the present study.
After clinical and panoramic radiographic examination of the candidate cases, a total of eight patients (six males and two females) were selected from the out-patient clinic of the Department of Oral Implantology, Cairo university. All the patients were suffering from total maxillary edentulism with atrophy class D according to Lekholm and Zarb classification 18 and bone density D3/D4, 19 seeking fixed dental rehabilitation. Two patients were albino brothers and suffering from Papillon Lefèvre syndrome, four patients (one female and three males)
were suffering from aggressive periodontitis before they lost their teeth, but they were otherwise systemically free, and the last two patients (one male and one female) had severe resorption because of the prolonged edentulism and were systemically free. None of them were smokers. All of them showed severe atrophy in both vertical and horizontal bony dimensions, that is, the height of the alveolar process ranged from 1 to 3.5 mm and average width ranged from 2 to 4. 
| Virtual planning and guide fabrication
The retrieved DICOM files of the CT scan were imported in a DICOM On the preoperative mounted casts, diagnostic wax-up was done, and according to the prosthetic space, the required augmentation was determined as well as the number of implants. Laser scanning was performed for the diagnostic wax-up then it was superimposed on the patient's CT scan. The desired width of the bone blocks were estimated by measuring the distance between the labial/buccal cortical plate and the labial/buccal contour of the wax-up. The desired lengths were estimated by measuring the distance between the alveolar crest and the occlusal plane after subtracting the acceptable crown height space. The same measurements were transferred to the parietal bones bilaterally taking into consideration that they must be in the thickest portion of the parietal bone (the area of the greatest distance between the outer and inner table of the parietal bone) and to be accessible while the patient is in a supine position. This was done by interpretation of the coronal and sagittal two-dimensional view cuts to select the area of the greatest thickness, then analysis cylinders were placed in the two-dimensional views at the corners of the selected region to mark the extension of osteotomy.
The three-dimensional model was exported to another software specific in medical engineering (3-matic software; Mimics Medical 19.0, Materialise, Leuven, Belgium); by the help of the "curve tool," a smooth curve was drawn representing the limits of the guide. While drawing the curve, it was taken into consideration not to impinge on the temporalis muscle area so the guide was designed to be placed on the skull cap and to be bordered by the superior temporal lines bilaterally.
Also it was designed to be guided into position by the natural contour and curvature of the skull cap, and at the same time, we considered not to overextend the guide posteriorly or anteriorly to limit the flap reflection during the operation and not to complicate its placement while the patient is in a supine position, so it ended anteriorly at the frontal bossing of the frontal bone and posteriorly it was ended just after the downward curve of the skull cap. Furthermore, the selected area for blocks harvesting should be confined within the guide outline with enough guide thickness around.
The guide surface was extruded to a predetermined distance (2.5 mm) to form a solid thickness which was intended to control the depth of the cut based on the diameter of the used disks and the thickness of the diploic space to avoid injury of the inner table.
The osteotomies outline within the guide was designed with notches dividing each window into four parts according to the measurements of the needed blocks. Two blocks will be fixed buccally to increase width and the other two blocks will be fixed crestally to increase the height of the atrophied maxilla on each side. (Figure 2 ).
Finally, the guide was exported in Standard Tessellation
Language (STL) format and it was printed from PLA material using a fused deposition modeling three-dimensional printer. Printing supports were placed at the convex outer surface of the guide so as not to affect the guide adaptation after they are removed.
The three-dimensional printed guide was cold sterilized by soaking into activated glutaraldehyde solution (cidex) for 8 hours before the surgery time. The calvarial donor site was prepared for the coronal incision by shaving the hair along the area of the incision. Nasotracheal intubation was utilized for all patients in the presence of hypotensive anesthesia.
| Surgical procedure
Scrubbing and draping was done in the usual manner.
The intraoral recipient site was approached first, a mid-crestal incision was made spanning the entire alveolar process from the right to the left maxillary tuberosities followed by a full thickness mucoperiosteal flap elevation. Periosteal incisions aiming for flap release and tension-free closure was done at this step, to achieve hemostasis at the time of fixing the cortical blocks, which subsequently minimized flap bleeding that might hinder the visibility and convenience during fixing the cortical blocks. Palatal mucosa was elevated till the complete exposure of the area of interest to be grafted. Also, all cases required lateral approach sinus floor elevation and it was performed prior to the calvarial bone harvest ( Figure 3 ).
A bicoronal incision was started through the skin, connective tissue, and the epicranial aponeurosis. Then, this layer was elevated in the loose areolar plane to expose the pericranium. Then, a pericranial incision followed by pericranium elevation to completely expose the skull cap. The surgical guide installed into the position and checked for stability and accuracy ( Figure 4 ). Microsaw disks ( Figure 5 ), of predetermined diameters, were used to draw the outline of the harvested bone block and to divide it while it is still in place based on notches that were designed to indicate the division sites ( Figure 6 ).
After guide removal, an auto-chip maker (ACM, Neo-Biotech) was used to harvest autogenous particulates along the outline of the bone blocks ( Figure 7) , which facilitated the placement of spatulas in an angled manner for removal of the outer table blocks (Figure 8 ), the autogenous particulates were mixed with xenograft (1:1; Bio-Oss, Geistlich Biomaterials, Switzerland) to fill the volume created by the sinus lifting. Each block was fixed into the preplanned position on the buccal and crestal aspects of the maxilla with a minimum of two titanium microscrews 1.6 mm diameter and 10 mm length (Anton Hipp, Germany), followed by roundation of the bony blocks' sharp edges (Figure 9 ), then the gaps were augmented with the xenograft autogenous mixture buccally, palatally, and crestally. Native collagen membranes (Bio-Gide, Geistlich Biomaterials, Switzerland) were fixed over the reconstructed bony complex using titanium tacks. (Figure 10 ).
Finally, the donor site was filled with absorbable gelatin sponge.
The pericranium was resuspended using running 3-0 polyglycolic resorbable suture (AssuCryl, Assut, Switzerland) material; then, the
Final guide before three-dimensional printing with the osteotomy windows and notches indicating the final dimensions of the bone blocks The skin staples of the scalp were removed after 16 days, whereas the intraoral sutures stayed for 2-3 weeks. The suction drain is removed on the second postoperative day.
All patients were followed up every other day for the first week to monitor soft tissue healing, then weekly for the first month and monthly for 3 months.
| RESULTS
A total of eight cases were recruited in the present study using a computer-guided custom-made surgical guide for harvesting the outer table calvarial bone blocks. After a bicoronal incision through the skin, connective tissue, and the epicranial aponeurosis, the pericranium was FIGURE 3 Intraoral photo of the recipient site showing the severely atrophied maxillary ridge after bilateral sinus lifting and before grafting FIGURE 4 The guide in place over the donor site before osteotomy procedures FIGURE 5 Cutting the outline of the graft by microsaw disks FIGURE 6 After cutting and dividing the cortical blocks while they are in the donor site following the notches indicated by the guide windows exposed. Then, a pericranial incision followed by pericranium elevation to completely expose the skull cap. The bone blocks were divided in place according to the notches in the guide and harvested using microsaw disks ( Figure 5 ), of predetermined diameters and surgical spatulas. In all eight cases, the custom-made guide was found to fit accurately on the skull cap and was stable in position during the harvest process. In all eight cases, the graft donor site was exactly the same as planned virtually on the patient's CT, which was designed to be in the thickest dimen- The harvested bone blocks fitted in their planned recipient sites in a satisfactory way, which approved their predetermined length and width, and as the custom-made surgical guide had notches to indicate the site of division of the bone graft, it was considered to fulfill this requirement.
Finally, the operating time was reduced in terms of graft harvest and graft preparation as the blocks were already divided into their intended and needed length and width. There was no need to do this step in a free hand manner before placing the graft in its recipient site.
This also eliminated any inaccuracies or any incidents of cracking or fracturing the cortical blocks or accidental fall on the floor and losing it. None of the cases were complicated with breaking through the inner table or CSF leakage or dural tear.
The immediate postoperative follow-up went uneventual for all the cases except for one patient who showed midline wound dehiscence after 1 week. The patient was instructed to follow a strict oral hygiene measures and it showed complete healing by secondary intention after 7 weeks. At the second stage, after 6 months, all the cases showed successful osseointegration of the fixed bone blocks and successful placement of eight endosseous dental implants, four on each side of the reconstructed maxillary arch as preoperatively planned. Care was taken not to place the implants at a high torque within the consolidated blocks to minimize the possibility of marginal bone loss surrounding the crestal part of the implant (Figure 12 ).
The postoperative CT was used to confirm the accuracy of the guide in terms of resemblance to the preoperative planning ( Figure 13 ).
So, the postoperative CT DICOM files were segmented and calculated into a three-dimensional model of the patient's skull followed by superimposition over the preoperative model of the patient's skull using the same software (mimics 19.0). The surgical defect in the harvest site was compared to the preoperative plan and to the guide windows on both the three-dimensional views and in two-dimensional coronal and sagittal cuts ( Figure 14) . Moreover, verification of the superimposition and
The divided cortical blocks before fixation FIGURE 9 The cortical blocks in situ after fixation with the particulate mix filling the gaps 
| DISCUSSION
The use of autogenous cortical onlay blocks is one of the wellreported techniques for reconstruction of severely resorbed alveolar ridges. Most of the cases could be augmented from intra oral origin donor sites; however, in totally edentulous patients with severe atrophy in both arches, the need for extra oral donor site is unavoidable.
Calvarial graft was chosen owing to its intramembranous embryologic origin. In addition, calvarial bone has lower resorption rate in comparison to the anterior iliac crest which is of an endochondral origin. One of the advantages of calvarial bone is the thick dense cortical layer, which adds to the volumetric stability of the graft. 7 Early revascularization of grafts of intramembranous origin and its similarity to the augmented sites make it a highly viable option for three-dimensional bony reconstruction. 3, 6, 17, 20 Chiapasco et al reported, in a retrospective study of 72 patients after calvarial cortical blocks harvest for intraoral reconstruction, a minimal donor site morbidity, pain, and discomfort except for some subcutaneous hematoma that resolved after 2 weeks. reported a resorption rate of 19.2% after 1 year follow-up of calvarial grafting, 16 Mertens et al reported, in a comparative study of early bone resorption after calvarial and iliac reconstruction, a higher stability in the calvarial group than the iliac crest group with a bone loss value reaching 24.16% for the iliac group, 7 Lenzen et al reported bone loss of 10% after 1 year of calvarial grafting, 25 and Chiapasco reported bone loss of 10%-15%. On the other hand, a bone loss of 47%-49%
was reported after half a year of iliac crest grafting by Johansson et al, 26 and Chiapasco reported a bone resorption in the free anterior iliac crest grafts ranging from 12% to 60%. 27 However, even with the predictable outcome of calvarial bone blocks regarding the gained bone quantity and quality, it possesses several limitations including the difficulty to convince the patients with such an approach, in addition to the potential of scarring.
FIGURE 12
Intraoral status at the second stage: A, after 8 months showing total graft integration and minimal resorption and B, after implants insertion because CBCT has a more limited field of view in comparison to the multislice CT. So, CT was chosen to provide a complete view of the entire skull from the vertex to the hyoid bone. 28 However, one of the disadvantages of CT scan is the high doses received by the patient, but conversely, it produces more accurate and refined threedimensional virtual reconstruction, especially in very thin bony walls such as the anterior wall of maxillary sinus.
We are in the era of computer-guided surgery, which has a great advantage in reducing the operating time, effort, and intra operative and even postoperative complications. Hence, in this study, eight cases were done in which a custom-made surgical guide was fabricated for each case for computer-guided outer table calvarial graft harvest. The guide was bordered by the superior temporal lines bilaterally because there was no need to strip the temporalis muscle. Also, it was limited anteriorly at the frontal bosses to use them as added guides for seating and there was no need to extend beyond them.
Posteriorly it ended just after the downward slope of the skull cap to use it as a guide for seating, and there was no need to extend beyond it and to avoid any inconvenience because the patient will be lying in a supine position. So, the guide depended in its seating, adaptation, and stability on natural anatomical contours and curvatures in the skull cap, which also helped in making it stable in its place as they are used bilaterally and so there was no need for screws to fix the guide in place during the harvest process. If the guide was designed to be smaller or not extending to the mentioned anatomical landmarks, it would have affected its stability and even the accuracy of its position in the surgery.
The larger the diploic space, the safer is the process because of the reduced risk of perforating through the inner In all eight cases, it has been taken into consideration while designing the surgical guide to locate the harvest site in the thickest portion of the parietal bone and to control the depth of cutting, which with a xenograft material (Bio-Oss, Geistlich Biomaterials, Switzerland) particle size 0.25-1 mm to fill the gaps between the cortices and to cover the complex following the sausage technique which resulted in more bone gain than using the biomaterial alone.
5,30
The native collagen membranes were used since it undergoes rapid biodegradation by polymorphs and macrophages enzymes and early vascularization from the periosteal side which is useful for bone maturation and it is biocompatible. Also, the membrane elasticity was utilized in providing the maximum possible volume of grafting. 4, 5, 30 Tacks were used because they provide solid stability and convenience in application.
Periosteal incisions and flap release at the recipient site were done in the beginning of the operation, it greatly diminished the nuisance of bleeding and inconvenience during graft fixation. Tension free closure is one of the crucial factors for successful augmentation and dehiscence prevention. Also, the flap closure was done in two layers, a horizontal mattress apically which caused eversion of the flap margins, thus bringing an area of contact across the incision between the flap edges and eliminating any tension on the flap edges, then it was followed by simple interrupted sutures for closure of the flap margins. 31 A key and keylock incision were used for the coronal approach for accurate repositioning of the coronal flap instead of using cross hatches. Then, a skin stapler was used for closure because it is more time saving than suturing in closing the coronal incision.
Boschetto et al conducted a case study about accuracy prediction in fused deposition modeling technology, he concluded that there was a very good agreement of the experimental data with the predicted ones; moreover, he found that the dimensional measurement difference was less than 0.1 mm from the virtual model. In this study, the calvarial guide was required to locate the harvest site and to guide the cutting, so the FDM (Fused Deposition Modeling) accuracy and guide fit was considered satisfactory with regard to its cost. 32 Kensuke et al observed that in three-dimensional printing with fused deposition modeling technique, grooves and cracks were generated in the surface layer after supports removal resulting in poor appearance, poor part adaptation and some dimensional inaccuracies due to postprocessing and polishing of the surface that makes slight alteration of the model surface geometry. So, printing supports were designed to be toward the guide convex surface not the concave surface which was supposed to fit and adapt on the skull cap. 33 Athanasiou et al noticed that poly(lactic acid)-poly(glycolic acid)
polymers, in addition to being susceptible to damage by moisture and radiation, are heat sensitive because of their thermoplastic nature, so cold sterilization was considered for the guide sterilization before surgery. 34 
| CONCLUSION
Within the limitations of the present study, regarding the long-term follow-up of the implants placed within the consolidated autogenous calvarial block grafts, the implementation of computer-guided calvarial bone blocks harvest from the parietal bone is safe and predictable technique for three-dimensional reconstruction of severely atrophic edentulous maxilla.
